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SSteblian tue vallulty of certain greasure trop pers tere 
weed La the desiga of s tarbo- jet ganbuation shaper lodi- 
sate the performance of the cugrastor can be -reviete. by 
at@iytiscal methods. 

&1l computed values of Doth toe friction preeaure 
aéeop and the preseure dro; due to somwalum chetiges with meat 
eiitition were lower, la tuat region of «alr flews whwrein the 
guebustur would norwally oywrete, than thease Indiseted ty 
analyeis of the o6aperimeutal dete. The sexiewe chee rved 
error ef elgnt vergent sucurwed for tue gooditdun of 465 
peasie par seoaed alr Clee. Tie aveta.c pereentage error 
over the entire cpereting renges Lnvestigeted wxs esproxi@ute~- 
ly 2 pureent. The comtuetar imiot air senditiocas, under 
whice these runs were wade wea eyalvalent tc a si@ulat.d 
&itituce of £27,000 Feet at tine design polat lLuevectigated,. 

The Peproliweloiliity of experiasnta. eta ves 
G4iffieult. Allowane suat be mace for shbetiractions or lre 
regularities ef tue Tlow sussa-os G8 wWerying of tue coshuster 
besket, of carhen.d@epesitiong. in the flnai emerizgeta, Cor 
ecearfetely computing the totel sreseume Oreo acimges the 
combuster, the effeet of @ixing the cuolwt!vely colt securmt- 
ary air wite the eruodacta of camara t Lon vagt be temen inte 
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ALL turbe~jet engines add energy te air teken in 
et a hisher velocity thus produciag tirast. At aresent 
the most egmpon g@ethod of addicg the energy secesuary is 
through the combastion ef hydreearvon fuels with oir in 
tie eooulustion cheaber,. 

The flew of ges tarsesh « cosbustlon ciumber Le 
atemapanied by Losses that effeet the overell effleieney 
of tne turbe-jet engine to a marked degree. “he loases 
in the combustion cuamber aay te classified us the botel 
friction preesure loss due tc configuretion and friction 
aad toe pressure Lease dag tu the soumetus change with 
heat acditlen, Prictiun preseure Losses result frm toe 
turbulent flow of the veeee over tle wtal surfeses of 
tue ducting anc throws: Coo orifices lesaia: inte time 
cumbuetion gone. These losaes can be measured turiac noe 
Tiring wuss with. the combustion chamber, and their veins 
a@@c in compacting tie sreasure Loss due to eaompatus 
coemges durin: Cirle, runs, Thies 1s an evproximetion out 
the peresentage error is very seall. Aebtusgliy taere Le a 
¢hange in the censlty of the entemin, elir due te « cha 


im temperature thet is not indicated in «@ morefleimnc man. 
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Priction sressume losses are usueliy ruspomeiblie for two 
thirds of thw total pressure loss, ana 1s Alghest in contre. 
flow evabustion chambers end lowest in stralcght Slew 

Yue manentwa orewssume losves oocur es a result of 
the cumouation grocessa in cheajlag tne velosity ant tensity 
af the cages, AR exact essiution fer tie «coentas oressure 
lega im a auct of sonstant cross-anctiognal ave ia present 
ed in the agpendia, Tormally an exact solution 12 not re~- 
qulred when the Raeh numbers in tae cumbustlon sone are on 
the order of 0.2 of less thea: 0.3. The exact solution pro- 
sented is aedified to the extent thet tas addltion of fuel 
and arvew chance has desn neglected. Therefore, the calcu~ 
lated momentum pressure loss will bs lower than that iJc68 
rived by experiment. 
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Tne importance of miniaising toe total pressure 
loas in the comtustor is vomparetlie with keesing the ef- 
fleienasies of the Sospreseor aul tushine a8 nigh as posalble. 
ceusugtion ¢haanberms must be designed for tiw lowest posslble 
pressure drop due to friction and this ia poeweible oy 
eliminating auras? cheng-e lnm sestian, reverse turmwa in 
the ducting, sciniwee initial velusity in ta Slow paseaces 
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It is the purpose of this investigetiw: te estab~ 
lieh the validity of certain amalytiveal presaure Loss 
design parameters used in the cesigu of @ tarbe-jet conbas- 
tlon ehumwber of sisiler configuration. The check will be 
meade by eempariaon with experiments. data. In tia eose of 
the frietion pressure ¢ra,, & seeone caumparisen will be 
mate using the aetho set forth im the latioel maivisory 
Joumdttee for Aeronautics, Teetniceal Bate, Sumber 11du. 

As wore end wore information of tale ssrt is ae- 
cumulated the design of csebustlon chambers for turhe- jet 
engines will beeome leas ef a cut ani try proces. and the 
aved for exoensive axperioentel test setups will be leeaan- 
ad. 
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Combustor 


The combustor used in these tests wee one of four- 
teen used in the General Sotera J=33 Turbe-Jet imine. It 
was ea epectal eambustor, modified t. the extent tnat the 
ioner-cowsyustor connecting fleme tubes were mot inealuded 
in Lt0s construction. A skete. of tho conlvuster La show 
in Figare 2. 

A apecial air adapter was oete to fit tae outer 
liner to oliginate certain Verieamoes In the axntering ein 
flow, The alr adsaoter proviaese tae pounting fer the fuel 
nozale, the igniter plug, and the inoer Linwr dome and 
also supporte the rorward end of the outer commustian 
chamber, The laner liner le sugeorted at the entrance end 
by the dome, anu ie powltlionmed at the «xit ends by a Lliner- 
lotating dowel. The groves at tie forward end of te outer 
combustion chamber retain two piston rinss. These rings 
enter inte the counter=bore of the acapter, furnime an air 
seni between the adapter au! tre outer combustion Chewwse sy 
awed provides for any exvenalon or contraction. 

Aire enters tha owter ar. Laner comwrustlun @aanhers 
throws the adapter. Primary air ia introgueec Into the 


combuation gone Surcugh 2a semies of eles surrounding ts 


h, 








ee ee ee ee 
ee ee ee 
oes © Oe ee Oe td le feels ite 8) oe peed aw 
sees of De bee Sewell ee & fevery eT oiere® pec aecel! 
Gaels oot! cep ty cael ww) nberee codes coldemies 
dhe ae ewe Ree wit coc tedeeers 0e ons ee 
Vrerwys tite sees Tee «4 tow Salees wtf ope et Lave 
fh btearetoes “C Relves s¢ Gre @ att ivoty oem 

Ota polite Sey comme! Lowe cues OF evedee S24 





et civ Semedersad of tke CT OTE a eee 


eis «tu ,wrwes 64h) De caves * ageerw ates 16 ldmetewe 


7 


feel nozzle im the ceater of tue flawe tuue douse a4 through 
holes ia the upstreas suction of tue immer combustion 

le deflected by spiral platea inside tne dome. This allows 
saximaa Dlaing of the fuel wite tre incosla alr eile es- 
tablishing a low velocity lanition area with sess eontrol 

of the flame front. 

Secondary air, necessary for completion of conta. 
tien and esoling, is introdueed thureuch « series of 5/3 
chember downstrean Crea the primery air entry. 

The fuel injesctloa system sor Lhe cuufusver con- 
siete of an eleetrieally driven fuel pump and see fuel 
nessle of the hollow eyne aprey type. in toe avSshe, Tuel 
Clews in tearoucgh tangetial sleta in the syray tip and out 
turouen the tip erifies lute ke eumustion eheeber. 4t 
Ywwl preswaree below Le) peumie per square ineh the are of 
the spray la approxi aately seventy Gegrees, «at Aigher 
pregaures the are na rowa wri the flow is extended rarther 
Lato the eantustion chanber. 

Tre Cvuel ienitien system employed is that of « hich 
tntensity sparc ovstbi. red With an avetylense gus jet. Ths 
acetylene sea ie fed into the sovling air space between 
ihe electrodes anc tus surround.ins, ecerweic imealutio. Thies 
insured a positive initlel bernins and oliminmatcs #4>L06Lve 
hot aterta. The epark oclug Gsed wae @ Oetwrauli -lectric 
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Test oetup 


The general eaprangeswnt of the test setup is dla- 
greamatiealiy shew La Pigure 1. Alr ene supoited by the 
aatilieary cumpressor asction of « L71G Allisen Vee Ll2 
eugine. (Figure 5) Gsesived bomeutor lnlet alr ownmtitions 
were obtained by regulation of tie Allisos engine speed 
waa epasured by «¢ thin plate orifice located upstream of 
Lies Cop Shas 

The inlet duct wes febrileated of mlid steel to Flt 
the dimensions of the existing elr supply cucting and the 
caavuster. The exhaust duct was fabriested of 22 gauge 
stalnlesd steel and Jesigwed to Tit the exit of tae sam 
buster ant to exhaust inte the ateveshere. Ficure 1 shows 
the Lomitudiagal cross-section of the inlet cuebt, the 
coubuster, and the exhaust duet with the location of the 
ingstirument stations. FPiqure 4 shows orrangeamt of the 
test setup as installed in the test eeil. 


instrumentation 


Positions and arramcesusuts of the thernocouples 
avd pres#wure tease as Luceted in the inlet aud exnawst ducte 
evi the sombusgtor are siwen dlagmaqwaticeaily in Figure 3. 

The velocity preflle and the man velocity wf tre 


air flow entering tue co@gbustor were ieterdinet oy turme 
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gtrem at stetlon 1. This section has « cxess-sectional 
area of .1)65 square feet. The temperature of the entering 
air was measured with an Lron-constantan thermocouple. 
Determination of tae preasure lovel and the aasa flow 
ehenge of the secondary air along the longitwilnel exis 
of the coabustor between the inner and outer liners was 
attemsted through « series of static pressure teps and 
tetal head tubes at stations Zz, 3, mri he Stution 2 in 
loented just downstream of the primary air inlets at the 
beginning of the secondary alr porte, Stutiens 3 and | 
are located at tne ald=gcint end at the ond of the secondary 
alr perta, cespectively,. For peaeurlo: veloslty distribu-~ 
tion at the exit of tre flame tube turing nen-flriag cuns, 
thee pltotestatic tubes were Lnwertec ints the strom ab 
station 5. for meagureamt of velocity and total preseurs 
durin: hot rama, a shileided total mead ture and a atatic 
orvessure tap were ueed, 

Chrome le~ALumel therustousles were usel tiraccheut 
for total temperature geesurenent of tha hot cases, end 
indicatlons were texen as true with no ecorrgeations for 
radiation or stagnation effects. The bemoerature distrie 
bublom of the exXheusl gcse Waa moaeure! b; a total teage 
erature rake comalistins of Cour mermocouples as @iowne in 
Fleouve 3. The mecn sombuselor exhaust tomperetere was 


tasen as tie exitieertic sean of toe temperatares wmaesured 
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by these four probes. 
and static pressure wasuresents. For seeauriag dyoenie 
preseure level, &@ bank of six inclined tube sercury tano- 
meters was used. Figure S shows the Lnatrument recoruing 
penel. 

Puel flows wore measured witn a Fiseher and Porter 
VJompany Flowrater with stebileVia Yileeosity lemme Mloet. 





Teate were made to evaluate tho perfurmamese of the 
Sith the equipment avallekle, the rence waa limited te a 
maxima of yS inehes of sercury ebsolute static pressure 
veunds oer seeond alr flow. 

In omder te evaluate the alr flow and velocity 
distribution axlally throwgsh the combustion chamber, a 
serisa of non-firing runs was sade et varyin cudsustor 
inlet abatic oressures. The data reesorded were toe total, 
dynanic, and statio aressure level at the entrance; static 
aressure ievol of ite ais streas in the anauler space 
aurrouniing tne inner eomoustium shamber at the baginning, 
midepoint, ani the end of tae setomdery air entrances to 
tha combustion sone; and to. betel and siatie 2oreesura 
Levels at the Gxlt of tae ecumbusters anc the (Jrietion 
DTOSSUNS CPOO SCPoESea the eaWvislor. 

20 “elemming the total srese.ure Utop, 0% Pines were 
eade at set static pressure levels at the crsbustor entrance 
with verying asee flows. These runs wers male at constant 
exit temperatures, Total entrunee presaure, total and 


statle exit pressures, total entrance temperature, seme 
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flow ani total pressure drop were r-evorded. 

Por jatersilning the effect of entrance siutic 
pressure of @ean teaperatura rise through tae eosbustor, 
(umd wes wale GB camesi Géusbant cubvente pmeedes Ath 
verying fueleaip retlos. Those deta moored wore: entrance 
pongerature, exit temperature, alr flow, fuel flow, and 
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The dete obteined in tiis investigation to evaluate 
5S. These runs wherein blowows or unstable evabustion oc- 
ed itu Table 1 ie the orltimeticon, emsan of fouw readings 
tagen at \tatlon 5. Measured temperatures wers very erratic. 
& representative distribution of avebustor exit teapera- 
tures may be seen in Figure é, 

The eombustor opersted at efficimecies abave 80 
percent wand waa capable of producin.: outlet teqernetures 
in exeems of that deemed safo for operation at high back 
pressures. Pizgure 9 shows the efYeat of varying the eo 
buster inlet preaenure on the afficleney of the comb aston. 
Jurves of 100, &, and 50 percent tiweratiead temoerature 
riee are included for combustion efficiency sstiaotion. 
Shean the eotrence vreswure wee hig. the oambust ur operated 
at offielencies above FO peroent except at fuolewair ratios 
of lees than G,01. This is due, in gurt, te osor atemize~ 
tlem of the fuel used im tow norele at iow fuel preaaures. 
Tre maximun efflelenmey onourred 2b en overall Sueleair 


yatio mueh leamer then the overall stolenlometric mixture, 
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fairly constant at a fueleair ratio of 0.01). 
total pressure droy is shown «raphlealiy ia Figure 10. it 
drop decrease. 63 tue inlet pressure was inoruagen., The 
ereasure arep Ls a function of tw Inlet velwelty whlen in 
turn le a fuastion of the density of the gas stream. As 
the inlet pressure wos Lnereased tom density of the enter 
ing alr maes wan Lnacmsased abu tue velovity neseesary to 
pass the wase flow was decreased. The coatroi of tie 
inlet pressure was uede by regulation of the Allison com 
pressor speed and by applying tre eecessary hue >» resaure 
vy reducing the effective area of the extiwest. Three rune 
were mate at varylag iniet oreeswme. ts give an indication 
of the manner in woich the j»ressure dros verled. 411 runs 
were wade at a @ean comoustur exit teaperatuce of 1600 
cecrees Paki nes 

Figures 114, ld, avd 1) show the comparison of ex 
perimental ani somputed @iimetlon shasber prcasuie Losses. 
Tne caleulated friction preesare Llosa by Setueod I aut ine 
dicated in fij,ure ll, 1s that presented by the Jebionsai 
~~wWisory Comittee for Asronauties, Technical Bote Pieper 
Liv, Thies method is teased on the aseumption tust toe 
oreseure less characteriaticg of tue actual epasustion 
ehanber can be matened by thoae of an equivalent’ comoust ion 
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the casbustion preceass. This methoi wes ioviuded in tale 
investication for « somperisen cheek only. The euleul «ted 
friction pressure Gre, indicated Hethoa Li in Fiqare 12, 
ie thet presented by J. . Verdin in & paper on tee cesign 
of a turbe-jet cogbustion chamber, ani ia ineluded in the 
Appendix. 

Figure 13 is a comparison af the experimental 
Soeentum pre» are drop with thet computed. Talis method of 
computing the oresaure drop due to gementam changes is in- 
@Cluded in the Appendix. The <cifferense intieated in the 
earves La lurgely due to tae neglect ef tre alight area 
change in tne comeuator (Llese than 3 pervent) end the effect 
ef tne ghange in somesteum Loveived in tne mixing of the hot 
and cold ges siregans, 

Tue altitude condition simulsted in tunis inveetiga-= 
tion wae 27,095 feet eneity eltitude. This simulated 
a&ititude prevailed at the deaign cendltion of <.5 peundse per 
second air flew. Tne simulated sitiftude at tae eu@eustor 
Sntrance wee computed from assumed data for 2 turbo jet 
eginme having a qwaeorecsor cempression ratia of four end a 
soaprmesaor officlency of JO vereent. 

Lt wee found tanat the ascurate reproduction of data 
wae @diffienit at low coagresticor speeds. The allison engice 
suapressur aged in suopliyginm the eir hes en e@ide-cospreasor 


speed ratio of 5.5 to le A surge ef LOU rpm engine speed, 
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therefore, would give an inerease or decrease of 950 rom 
ef the compressor. ina an attempt to smooth cut the flow 
of aly and approach the steady Clow convitioas necessary, 
leoroved cenditlona at low mses flowa. it is saggeated 
that in future investicgationa of thia type a eyetes of 
bleed-off be Lnetalied to eliminate this condition. at 
high eeopresscor apeatlea no serious difficulty waa encountered 
ia creprolueing data, 
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7 Ltr € CG Yrger) J 
ae 
Nf 2g RC Vet) 

iy —% /2gR C+) 


au Vg /2g R (hy 
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Jo Fino Vs 
Shy Fo = Oe ye) 
POV ~ POS Ve = WgC Vr -U) 
Tey = RT = RIrw 
WNT YY, ~ P75 Vs = Og C¥,-¥,) 
WM - Wy = (ve-u)/ ig 
DQivonvge Ca) &Cs) by Vb Vs 
TV = Tifa Vag RO%-) 
"SVs = "Ts/V ~ Vs/29R Ve) 
“Mi ~ Te/ te = Tily,- Tee » We-tfagRGr1) 
TM - "7s Vg VV, ~Ufag RCYy-1) = W/R9 CATA, 
lM, - 7p = VR Ae VU) - Vee) /29 RCT r+) 
- (Ve VL) ( iG : V2gR (*%/r-1) 
> Vs-y)( 
= (ve-vJ (A rgR) 
Try, 11 - BLE J = (th) y, ( Wy -1) 


FV, 
Tily, + ~ Tee Ve J - 
/- fr Ye = rt (m1 )(¥ -1) 


1 tae ¥tL Cag;) Ye ~ FF /7,* 
xz / f 


TE "ts SA) > VEU Fe 
] REET =, Ve a 


< — 
(eM) 8h gs toly Lor Hbm2 | & Fed, = 0 


VV sr aL 4," +) (tie Mp) - 4( 2LL 14,*) Vfl aif ‘ 
Fe 
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ANALYSIS OF SRICTION PREssURE DROP 


THROUGH THE CONBUSTION CHANBER 


FLOW THROUGH AN ORIFICE 


2 
Are = (S29 L S ay 
Azc 

A,> AREA IN ANNULAR SPACE SgUARE FEET 

A, = ORIFICE AREA, savARE FEET 

C= ORWICE Cee FFI CIIENT 

AP+= Pressure DrporP Across OriFi Ce L8/ 5QF4. 
(> Lewsi7y OF F/O, Lore 


Q = lass Flow THROUGH ORIFICE , COFFS Te IEC 


ASSUME FARALLEL Flow Ovsren. FReEssuRe DeoP ACROSS 
ONE ORIKICE EOUASL FRESSURE DROP ACROSS ANY 
OnieICE. CWEcK JOR ConsTaAnrTr (7Abss FLOW. 





The symbols used in tule paper «re those belo cur- 
rently used for turbe-Jet engines. 


4. 4a of any cross section, square feet 
each turaber, ratio of airspeed to local speed of sound 

?e Total preasam, pounds wer square foot or inciws of 
mercury 

P Statle pressure, pounds per sguere foot or inches of 
rhe he Uy 

AP, Total pressure lose due to friction md heat addition, 
inenes of aercurty 

Ap Prietion sressure loss, inches of mereury 

A P, Momentum pre asure Loss, inehes of mereury 

i fotei teupsrature, deyress Rankine 

T Statle temperature, dewrses Rankine 

¥ Velocity of gus flow, feet per second 

a Aly mass flow, pounds por second 

«, air massa flow, cuble feet per second 

€ aatlio of specific heat at constant pressure to specific 
neat aS comstant vulume 

( semaity of ain, pounte per cubic foot 

Subseripsts 

> semmustor Laiet 

5 vouhustor outlet 


¥ Sgaivelent comustur sf constant ervoss-sectional apes 
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Thesis 11471 
N42 Nester 
Tastineg a turho-jet 
combustion chamber to 
check analytical design. 
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